Introduction {#Sec1}
============

Membrane proteins perform a wide range of vital functions in the cell, including signalling, transduction of energy, and transport of ions and solutes over the cell membrane. In spite of their obvious importance, knowledge on the structural properties of membrane proteins is still relatively sparse. Even less is known about the dynamical processes that are essential for functioning. By definition, membrane proteins need to undergo conformational changes to perform their function. These changes often include internal motions such as tilting, turning, or shifting of one or more α-helices or whole domains. Alternatively, secondary structure elements such as α-helices or β-sheets can (partially) fold or unfold, or adapt their structure. Finally, simple reorientation of one or more amino acid residues can occur. Since all these changes can be accompanied by a (partial) reorientation of the protein within the membrane, it can be expected that properties of the surrounding lipid environment may have a significant influence on the functioning of membrane proteins.

The functional activity of many membrane proteins indeed was shown to depend on membrane properties including membrane composition, fluidity, and thickness. Examples of such membrane proteins include the nicotinic acetylcholine receptor (AChR) (Barrantes [@CR7]), the thermosensor protein DesK (Cybulski et al. [@CR18]; Aguilar et al. [@CR2]), cytochrome c oxidase (Montecucco et al. [@CR63]), melibiose permease (Dumas et al. [@CR29]), and different ATPases (Johannsson et al. [@CR42], [@CR43]; Caffrey and Feigenson [@CR13]). In reconstitution studies on these latter membrane proteins, the activity was found to be highest when the proteins were reconstituted in bilayers with matching hydrophobic thickness. From these studies, it seems that many membrane proteins have an optimal bilayer thickness for functioning. Most probably, in bilayers with a nonoptimal thickness, the activity of these membrane proteins is altered by small changes in the structure or orientation of transmembrane segments of these proteins. Such changes will include variations in the helix tilt angle.

Functional importance of helix tilting in membrane proteins {#Sec2}
===========================================================

An example of a membrane protein where changes in the tilt angle of transmembrane segments play an important role for the function is the mechanosensitive channel MscL. This well-studied channel protein prevents bacterial cells from bursting as a result of water transport into the cell in case of osmotic down shock (reviewed in Corry and Martinac [@CR17]; Sukharev and Anishkin [@CR87]). The regulation of MscL arises from changes in the lateral pressure of the membrane and is mediated by hydrophobic coupling between the lipids and the hydrophobic segments of membrane protein, resulting in the conformational changes needed to switch the channel to the open state. When switching to the open state, this channel undergoes a large concerted iris-like expansion combined with flattening of the whole channel, which involves large reorientations of the transmembrane α-helices (Betanzos et al. [@CR9]).

In other proteins, small changes in the orientation of one or more α-helices are sufficient for proper functioning. For sensory rhodopsin II, a small outward tilting of TM6 (helix F) was observed (Wegener et al. [@CR101]), which initiates a 20--30° turning of helix TM2 of the neighboring transducer complex (Wegener et al. [@CR102]). For the related bacteriorhodopsin, an outward movement of TM6 (helix F) and a subsequent approach of TM7 (helix G) toward the proton channel were observed during the photo cycle (Radzwill et al. [@CR74]). For melibiose permease, a symporter coupling uphill transport of melibiose and various other galactosides to the downhill transport of Na^+^, Li^+^ and H^+^ ions, the average helix tilt angle was observed to increase upon ion-binding from 26° to 36°, and to decrease again to 30° upon subsequent sugar binding (Dave et al. [@CR20]). These examples demonstrate the importance of the orientation of transmembrane segments for the function of membrane proteins.

Much information on α-helix orientation in membrane proteins has been obtained from X-ray crystallography studies. A recent empirical study reported an average tilt angle of 24 ± 14° for the transmembrane α-helices of polytopic membrane proteins based on 46 qualified high-resolution structures available in 2006 (Ulmschneider et al. [@CR90]), which agrees well with earlier reported values of 22 ± 12° based on 15 structures in 2001 (Ulmschneider and Sansom [@CR89]) and 21 ± 10° based on only 2 structures, bacteriorhodopsin and cytochrome *c* oxidase, in 1997 (Bowie [@CR11]). The low number of high-resolution structures available for membrane proteins is mainly due to the difficulties in growing crystals of these hydrophobic structures that are needed for structure elucidation using X-ray crystallography.

Although high-resolution structures are essential for understanding the structural changes required for functioning of membrane proteins, only limited information on the dynamics of these processes can be extracted from crystal structures. In addition, the use of X-ray crystallography does not allow to study the influence of the lipid environment on the orientation of the transmembrane segments. For this reason, alternative methods are being used to study structural and dynamic properties of proteins in lipid bilayers. These methods include solid-state NMR spectroscopy, EPR spectroscopy, CD spectroscopy, ATR-FTIR spectroscopy, and fluorescence spectroscopy. Using such alternative biophysical techniques, tilt angles of the transmembrane α-helices with respect to the membrane have been determined for a number of membrane proteins and peptides.

Orientation of transmembrane segments in membranes {#Sec3}
==================================================

For natural transmembrane peptides, tilt angles were found to vary significantly, as illustrated by the following examples performed in bilayers with acyl chain lengths ranging from 14 to 18 carbon atoms. From solid-state NMR measurements using the PISEMA method, a tilt angle of 38° was reported for the influenza A M2 channel (Wang et al. [@CR99]), 26° for the membrane conformation of the major pVIII coat protein of fd filamentous bacteriophage (Marassi and Opella [@CR60]), and 13° for wild-type phospholamban (Abu-Baker et al. [@CR1]). For the channel-lining M2 segments from the d-subunit of the nicotinic acetylcholine receptor, a tilt angle of 12° was reported from PISEMA experiments (Opella et al. [@CR68]) and a tilt angle of 14° from EPR studies (Inbaraj et al. [@CR40]). For phospholemman, a tilt angle of 17° was found from ATR-FTIR spectroscopy experiments on the full length protein (Beevers and Kukol [@CR8]), and a tilt angle of 7° was reported from NMR experiments on a phospholemman transmembrane region (Wong et al. [@CR105]). Using fluorescence techniques, a tilt angle of 18° was determined for the major coat protein from bacteriophage M13 (Nazarov et al. [@CR66]).

This variation in tilt angles raises questions about the determinants for the tilt of transmembrane helices. Is helix tilt mainly an intrinsic property of transmembrane helices, due for example to a specific distribution of amino acids around the helix axis or to a relatively large hydrophobic length of the helix? Or, in the case of oligomeric structures, is it determined by peptide--peptide interactions? Or is the tilt mainly imposed from the membrane, determined for example by its hydrophobic thickness? How does each of these factors contribute to determining the tilt angle? Addressing these questions requires highly systematic approaches. Years ago, this need initiated the design of simplified model systems of artificial transmembrane α-helical peptides, reconstituted into synthetic lipid bilayers. In such simple peptide/lipid model systems, both lipid and peptide composition can be easily and systematically varied, allowing elucidation of the basic principles of membrane protein organization and dynamics.

Use and design of transmembrane model peptides {#Sec4}
==============================================

Ideally, artificial transmembrane peptides should serve as mimics for transmembrane segments of membrane proteins. Therefore, the design of a proper transmembrane model peptide requires information on the general composition of membrane proteins. Empirical analysis of the amino acid structure in putative transmembrane segments of α-helical single-span proteins showed a nonrandom distribution of amino acids in transmembrane segments (Landolt-Marticorena et al. [@CR52]; Arkin and Brunger [@CR5]). The hydrophobic stretch is to a large percentage composed of hydrophobic residues such as isoleucine, leucine, valine, and alanine, with leucine being the most common residue. Putative helix initiating residues such as proline, asparagine, and serine were found to be enriched at the N-terminus of transmembrane segments. Aromatic residues such as tryptophan and tyrosine as well as charged residues such as lysine and arginine were found to have a positional preference for the interface region.

In particular these aromatic and charged residues at the interface can be expected to have a large influence on the orientation of transmembrane segments because their interactions with the membrane will be much more specific than those of the hydrophobic amino acids in the lipid acyl chain region. Indeed, a common structural motif observed in many membrane proteins is a belt of aromatic residues located at the membrane-water interface. These are present for example in the α-helical potassium channel KcsA (Doyle et al. [@CR28]; Williamson et al. [@CR104]) (see Fig. [1](#Fig1){ref-type="fig"}a) and the β-barrel maltoporin (Seshadri et al. [@CR77]). Such interfacial tryptophans are believed to anchor membrane proteins in the membrane, where interaction with the surrounding lipids will help the proteins to adopt the proper orientation in the membrane.Fig. 1Structures of **a** the transmembrane parts of the potassium channel KscA (PDB entry 1J95) and **b** the transmembrane model peptide WALP23, which is used to mimic transmembrane segments of membrane proteins. Only tryptophans are shown with explicit side chains, illustrating the belt of aromatic residues present in the tetrameric KcsA

These structural elements characteristic for many membrane proteins were considered in the design of different model transmembrane peptides. An overview of transmembrane model peptides used in the literature is given in Table [1](#Tab1){ref-type="table"}. Such designed model peptides offer several advantages over the use of natural transmembrane peptides. Most importantly, many specific properties, such as hydrophobicity, hydrophobic length, or nature of flanking residues, can be systematically varied. Moreover, suitable labels can easily be incorporated during peptide synthesis, allowing the use of a wide range of biophysical techniques. For these reasons, synthetic peptides are becoming increasingly useful in the development and improvement of biophysical techniques to characterize membrane proteins/peptides (Andronesi et al. [@CR4]; Lemaitre et al. [@CR53]) and as models to understand the basic principles of peptide/protein-lipid interactions (Killian and Nyholm [@CR46]; Shahidullah and London [@CR78]; Yano et al. [@CR106]; Liu et al. [@CR56]; Mall et al. [@CR57]). In particular the WALP (depicted in Fig. [1](#Fig1){ref-type="fig"}b) and KALP peptides have been used for these purposes. These model peptides are composed of a hydrophobic stretch of alternating leucines and alanines flanked at both ends by a pair of tryptophans and lysines, respectively.Table 1Amino acid sequences of tryptophan and/or lysine-flanked transmembrane model peptides used in literatureModel peptideAmino acid sequenceReferences*Peptides flanked by tryptophans* WALP*x*, *x* = 2*m* + *n* + 6Ac-GWW(LA)~*m*~L~*n*~WWA-amide^a^, *m* = {3, 5, 6, 7, 8, 10, 12}, *n* = {0, 1}Killian et al. ([@CR47]), de Planque et al. ([@CR22], [@CR23], [@CR24], [@CR26]), Demmers et al. ([@CR27]), Rinia et al. ([@CR76]), Strandberg et al. ([@CR83]), Petrache et al. ([@CR73]), Morein et al. ([@CR64]), van der Wel et al. ([@CR92], [@CR93]); Kol et al. ([@CR50]), Weiss et al. ([@CR103]), Andronesi et al. ([@CR4]), Ganchev et al. ([@CR34]), Strandberg et al. ([@CR84]), van Duyl et al. ([@CR95]), Özdirekcan et al. ([@CR69], [@CR70]), Im and Brooks ([@CR39]), Sparr et al. ([@CR80], [@CR81]), Siegel et al. ([@CR79]), Holt et al. ([@CR35]) GWALP23Ac-GGALW(LA)~6~LWLAGA-ethanolamineVostrikov et al. ([@CR98]) WLP23Ac-GWWL~17~WWA-amideÖzdirekcan et al. ([@CR69]), Esteban-Martin and Salgado ([@CR30]) WL22Ac-WWL~18~WW-amideEsteban-Martin and Salgado ([@CR31]) WA22Ac-WWA~18~WW-amideEsteban-Martin and Salgado ([@CR31])*Peptides flanked by tryptophans and lysines* LWAc-KKWWL~8~AL~8~WWKK-amideFastenberg et al. ([@CR33]) W-L~22~-WAc-KKWL~22~WKK-amideLiu et al. ([@CR56]) KWALP23Ac-GKALW(LA)~6~LWLAKA-amideDaily et al. ([@CR19])*Peptides flanked by lysines* KALP*x*, *x* = 2*m* + 7Ac-GKK(LA)~*m*~LWWA-amide, *m* = {6, 8, 10, 12}de Planque et al. ([@CR24]), Strandberg et al. ([@CR83]), Morein et al. ([@CR64]), Kol et al. ([@CR50]), van Duyl et al. ([@CR95]), Özdirekcan et al. ([@CR69]), Kandasamy and Larson ([@CR44]) (LA)~12~Ac-KK(LA)~12~KK-amideZhang et al. ([@CR111], [@CR112], [@CR114]) KLP23Ac-GKKL~17~KKA-amideÖzdirekcan et al. ([@CR69]), Esteban-Martin and Salgado ([@CR30]) L~24~Ac-KKL~24~KK-amideAxelsen et al. ([@CR6]), Subczynski et al. ([@CR86]), Liu et al. ([@CR56]) P~16/24~Ac-KKGL~16/24~KKA-amideDavis et al. ([@CR21]), Huschilt et al. ([@CR37]), Morrow et al. ([@CR65]), Huschilt et al. ([@CR38]), Zhang et al. ([@CR109], [@CR110], [@CR113]) A~24~Ac-KKA~24~KK-amideLewis et al. ([@CR55])*Peptides flanked by lysines that include a tryptophan in the hydrophobic stretch* p(LA)~6/8~Ac-KKG(LA)~3/4~W(LA)~3/4~KKA-amideVidal and McIntosh ([@CR96]), Krishnakumar and London ([@CR51]) pL~*x*~, *x* = 2*m*Ac-KKGL~*m*~WL~*m*~KKA-amide, *m* = {5, 6, 7, 8, 9, 10, 11}Ren et al. ([@CR75]), Caputo and London ([@CR14]), Lew et al. ([@CR54]), Krishnakumar and London ([@CR51]), Shahidullah and London ([@CR78]) pL~*m*~A~*m*~, *m* = {6, 7, 8}Ac-KKGL~*m*~WA~*m*~KKA-amideKrishnakumar and London ([@CR51]) pA~18/22~Ac-KKA~9/11~WA~9/11~KK-amideShahidullah and London ([@CR78])^a^In some cases ethanolamine is used instead

As discussed above, an important parameter for the structural organization of membrane proteins is the orientation of their transmembrane segments within the lipid bilayer. One convenient way of addressing the question to what extent the orientation of transmembrane segments can be imposed from the membrane is by analysis of the tilt angle of transmembrane helices in model systems. In model systems, the hydrophobic length of the peptide and the bilayer thickness can be systematically varied, leading to a situation of hydrophobic mismatch.

Hydrophobic mismatch as driving force for helix reorientation {#Sec5}
=============================================================

Hydrophobic mismatch occurs if the hydrophobic length of the membrane protein does not match the hydrophobic thickness of the membrane. To be more specific, positive hydrophobic mismatch describes the situations with too thin membranes, and negative hydrophobic mismatch the situations with too thick membranes. As already mentioned above, the activity of membrane proteins depends strongly on the hydrophobic thickness of the bilayer and is often decreased in nonmatching situations (for reviews see Andersen and Koeppe [@CR3]; Jensen and Mouritsen [@CR41]). In case of positive hydrophobic mismatch, a logical response to relieve the unfavorable exposure of hydrophobic amino acids to the aqueous phase seems to be increasing the tilt of the helix.

The response of the tilt angles of transmembrane segments to hydrophobic mismatch has been studied for a number of natural peptides and model peptides. So far, in all cases indeed an increase in tilt angle was observed upon decreasing bilayer thickness. However, in most cases this response was not sufficient to fully compensate for the mismatch. For example, ^2^H NMR experiments (discussed in more detail below) suggested that the tilt angle for WALP23 peptides increased from 5.2° in di-C14:0PC to 8.1° in di-C12:0PC, and for KALP23 peptides from 7.6° to 11.2° (Strandberg et al. [@CR84]; Özdirekcan et al. [@CR69]). Considering geometrics, this change in tilt angle would be too small to compensate for the changes in bilayer thickness.

Similar results were obtained for several natural peptides. For M13 coat protein, an increase from 18° in di-C20:1PC to 33° in di-C14:1PC was determined from fluorescence experiments using IAEDANS-labelled peptides (Koehorst et al. [@CR48]). For alamethicin, a peptide antibiotic building pores in cell membranes, a decrease in tilt angle from 23° in di-C10:0PC to 13° in di-C18:0PC was found from EPR experiments employing TOAC, a spin-labelled amino acid analogue (Marsh et al. [@CR61]). For both natural peptides, the changes in tilt are insufficient to compensate for changes in bilayer thickness.

So far, to our knowledge, there is only one example of a natural peptide for which full compensation for hydrophobic mismatch has been observed. Using PISEMA experiments, for virus protein U (Vpu) from HIV-1 incorporated into bilayers of ether-linked di-C10:0PC/di-C10:0PG (9:1), a tilt angle of 51° was found, which systematically decreased upon increasing the bilayer thickness to 18° in ether-linked di-C18:1PC/di-C18:1PG (Park and Opella [@CR71]), thereby fully compensating for the change in bilayer thickness. This finding is even more striking considering that relatively high peptide-to-lipid ratios were used and that the peptide most likely is present in an oligomeric form. Thus it seems that, at least in this specific case, surrounding lipids are much stronger determinants for peptide orientation than adjacent peptides. Another possibly relevant feature of the system is that the peptide misses interfacial anchoring residues at one end, which might influence its ability to adapt to mismatch.

From these experiments, it is clear that the membrane has an influence on the tilt of protein transmembrane segments but that peptide composition is important as well. However, the specific reasons for the differences in adaptation to hydrophobic mismatch are not clear yet. A complicating factor is the notion that a change in the tilt angle of transmembrane segments is not the only possible mechanism to compensate for hydrophobic mismatch. If, for a given protein, alternative mechanisms would be more favorable, there would be no reason to expect complete adaptation to a positive mismatch just by a change in tilt angle of the transmembrane segment. Below we will provide examples of such alternative mechanisms, which show that indeed many responses can occur.

Alternative/additional mechanisms to adapt to mismatch {#Sec6}
======================================================

The consequences of hydrophobic mismatch have been investigated extensively, in particular for WALP and KALP peptides. Figure [2](#Fig2){ref-type="fig"} illustrates several possible adaptations for the case of a positive mismatch situation, which all have been observed experimentally. Besides helix tilt (a), another option is that the lipid acyl chains in direct vicinity to the peptide stretch to accommodate the peptide (b). This was in fact observed for WALP peptides by ^2^H NMR experiments on acyl chain deuterated lipids (de Planque et al. [@CR22]), but not for KALP peptides (de Planque et al. [@CR26]). Another possibility to alleviate the consequences of hydrophobic mismatch is peptide self-association (c). This behavior was observed for WALP peptides (Sparr et al. [@CR80]; de Planque et al. [@CR24]; Killian et al. [@CR47]) as well as for lysine-flanked peptides (Ren et al. [@CR75]). Yet another possible adaptation is deformation of the backbone to decrease the effective length of the peptide (d). In principle this could be accomplished by formation of a π-helix, but this has not been observed experimentally. Alternatively, kinking or flexing of the transmembrane helix may occur as a response of the peptide backbone to positive mismatch (e). ^2^H NMR results on WALP peptides and analogues thereof indicated a kink in the helix as response to a too-thin bilayer (Strandberg et al. [@CR84]; Daily et al. [@CR19]). A similar reaction was found for the TM1 segment of lactose permease, which was observed to flex in addition to tilting to satisfy the hydrophobic mismatch (Yeagle et al. [@CR108]). Finally, another consequence to extreme mismatch conditions could be that peptides switch to a non-transmembrane state, i.e., bound to the membrane interface (f), or are even excluded from the membrane. This has been documented extensively for lysine-flanked model peptides of different hydrophobic lengths and compositions (Krishnakumar and London [@CR51]; Webb et al. [@CR100]). Also for WALP peptides it was shown that when mismatches are too large, the peptides incorporate less well (de Planque et al. [@CR24]; Killian et al. [@CR47]).Fig. 2Schematic representation of possible adaptations in case of a too long transmembrane segment, i.e., positive hydrophobic mismatch conditions: **a** helix tilting, **b** acyl chain stretching, **c** oligomerization, **d** backbone deformation/distortion, **e** backbone kinking/flexing, **f** switching to a non-transmembrane state, i.e., binding to the membrane interface

Thus, many alternative responses of protein transmembrane segments to mismatch are possible besides tilting, and it is far from clear what determines the extent to which each of these adaptations may occur for a given protein. Considering the fact that in particular the WALP peptides adapt to hydrophobic mismatch in several different ways, one would expect that for these peptides tilting would be at most a partial response to mismatch and hence not sufficient to allow complete adaptation to bilayer thickness. Although WALP peptides can be considered fairly simple systems as compared to natural membrane proteins and peptides, characterization of the tilt of these model peptides has not been straightforward. We will now present a case study of the WALP peptides that illustrates the difficulties in determining tilt angles of peptides in membranes and the important role of peptide dynamics.

Implications of peptide dynamics on the determination of tilt angles {#Sec7}
====================================================================

In general, solid-state NMR approaches are particularly suitable to obtain detailed information on the structural properties of transmembrane peptides in lipid bilayers. For example, helix tilt and rotation angles (van der Wel et al. [@CR92]; Strandberg et al. [@CR84]; Özdirekcan et al. [@CR69]) as well as deviations from α-helical structure (Strandberg et al. [@CR84]; Daily et al. [@CR19]) can be investigated by analysis of a set of quadrupolar splittings obtained from peptides that include a deuterium-labelled alanine with the GALA method, or from PISEMA experiments on uniformly ^15^N-labelled peptides by analysis of the characteristic wheel-like patterns, which provides direct information on the orientation of the transmembrane helices (Traaseth et al. [@CR88]; Park and Opella [@CR71]; Marassi and Opella [@CR59]).

However, with both these NMR methods, assumptions have to be made regarding the dynamics of the peptides. Importantly, a high mobility results in difficulties in interpretation of the results and can lead to an underestimation of the tilt angle (Özdirekcan et al. [@CR70]; Esteban-Martin and Salgado [@CR30]). The importance of obtaining knowledge on motional properties of peptides is illustrated by comparison of results obtained by solid-state NMR and MD simulations on WALP peptides. ^2^H NMR experiments in combination with the GALA method indicated that WALP peptides have a relatively small tilt angle (\<10°) in different types of bilayers (Özdirekcan et al. [@CR69]). In contrast, MD studies on the same systems suggested much larger tilt angles, fluctuating from around 20--40° (Özdirekcan et al. [@CR70]). As a potential explanation for this discrepancy, it was suggested that the WALP peptide can adopt different rotational angles but that there is an energy barrier between the preferred rotational states, such that 'hopping' motions occur. From the MD trajectories, the authors back-calculated the NMR quadrupolar splittings and they concluded that if such motions indeed would occur, this would lead to an underestimation of the tilt angles determined by ^2^H NMR experiments.

The extent to which transmembrane peptides undergo motional averaging will not only depend on peptide composition and properties of the lipid environment, but also on the extent to which the peptides self-associate. Most of the natural transmembrane peptides investigated with solid-state NMR methods are believed to exist as homo-oligomers in the functional unit; good examples are the influenza M2 channel (Wang et al. [@CR99]; Cady et al. [@CR12]), phospholemman (Wong et al. [@CR105]), or phospholamban (Abu-Baker et al. [@CR1]). Interactions among the subunits of these helical bundles can be expected to largely restrict the motions of the transmembrane segments. Especially oscillations around the helix axis will be small since such motions would alter the contact interfaces to neighboring helices. Thus, the orientation parameters of transmembrane segments participating in oligomers will be much less affected by motional averaging when investigated with solid-state NMR methods.

WALP peptides were shown to have no tendency to self-associate even at high peptide-to-lipid ratios, and only under large mismatch conditions a slightly higher tendency to self-associate was found (Sparr et al. [@CR80]). However, even for peptides that do not have a tendency to oligomerize, peptide-peptide interactions may occur if the samples contain a high peptide-to-lipid ratio. For example, in order to achieve sufficient sensitivity, PISEMA spectra of uniformly ^15^N-labelled peptides are recorded on oriented bilayers at high peptide-to-lipid ratios, e.g., of 1:16 (Wang et al. [@CR99]) or 1:20 (Vostrikov et al. [@CR98]). In contrast, ^2^H NMR experiments on peptides with single deuterium-labelled alanines by using the GALA method can be performed on unoriented bilayers at low peptide-to-lipid ratios of 1:100 (Strandberg et al. [@CR84]), thereby avoiding side effects of peptide--peptide interactions on the orientation of the transmembrane peptides. Therefore, in these experiments, large peptide motions, i.e., oscillations around the helix axis, are much more probable, which would lead to averaging of the quadrupolar splittings.

It is clear that in order to unambiguously determine tilt angles of transmembrane peptides under different experimental conditions, information on their dynamics is required. WALP peptides in PC bilayers seem like an ideal test case for this because these systems have been characterized extensively already by many different techniques (Killian [@CR45]; Killian and Nyholm [@CR46]). Moreover, it is important to solve the discrepancy described above, and to reliably characterize these model peptides in order to allow using them as simple and well characterized model systems, for example for the validation of new techniques and calibration of existing methods. This holds not only for validation of solid-state NMR methods, but also for MD simulation techniques, which at present are limited by relatively short timescales and the requirement for many input parameters that need to be validated by experimental results. Indeed, to our knowledge MD simulations so far have not succeeded in reproducing the experimentally observed quadrupolar splittings.

Recent developments in the "tilt story" {#Sec8}
=======================================

The importance of peptide dynamics for calculations of peptide rotation and tilt by solid-state NMR methods have led several groups to focus in more detail on motional properties of transmembrane peptides. Strandberg et al. reanalyzed experimental ^2^H NMR data published for WALP23 peptides (Strandberg et al. [@CR84]) using different peptide models with increasing complexity of peptide dynamics. The authors compared the results obtained with the previous, quasi-static model that included peptide motion using a global order parameter *S* (Fig. [3](#Fig3){ref-type="fig"}a) with the results of more advanced dynamic models including explicit oscillations Δρ and/or wobbling-in-a-cone motions Δτ (Fig. [3](#Fig3){ref-type="fig"}b). The different motion models were found to match the data with similar deviations in terms of *rmsd*, but yielded very different tilt angles (Strandberg et al. [@CR85]). In an accompanying publication, the same group of authors investigated the effect of peptide dynamics on PISEMA experiments (Esteban-Martin et al. [@CR32]). For this purpose, PISEMA spectra were generated from trajectories of an earlier MD study on WLP23 (Esteban-Martin and Salgado [@CR30]). Analysis of these data with the different peptide models yielded similar tilt angles for both the quasi-static and the dynamic peptide models. However, the virtual PISEMA data could be fitted best with a peptide model including explicit oscillations and wobbling.Fig. 3**a** The quasi-static model describes the orientation of the peptide by a tilt angle *τ* and a rotation angle ρ, with limited motional averaging described by a global order parameter *S*. **b** In the dynamic model, the previous model is extended by an oscillation Δρ around the helix axis and by a wobbling-in-a-cone motion Δτ

In an attempt to explore the differences between the established solid-state NMR methods, Vostrikov et al. compared the results of ^2^H NMR and PISEMA experiments obtained on a related model peptide, a GWALP peptide (Vostrikov et al. [@CR98]). In this study, the experimental data sets were separately analyzed using the conventional, quasi-static peptide model. Both the ^2^H NMR and PISEMA data sets yielded very similar tilt angles of 12.6° and 10.8°, respectively. Closer inspection of the fits to the experimental data shows some deviations of the ^15^N data from the fitted PISEMA wheel, especially for larger dipolar couplings, which may suggest an underestimation of the tilt angle (see discussion in Esteban-Martin et al. [@CR32]). Since the GWALP peptide is a close relative of the WALP peptides flanked at both ends by only a single tryptophan, it may exhibit significant motions around the helical axis. Together with the notion that analysis of tilt angles by using either ^2^H NMR or PISEMA data can be complicated due to motional averaging, it is very well possible that the use of the conventional, quasi-static peptide model may not be sufficient in this case.

Very recently, a new strategy based on solid-state NMR methods has been developed, called MACADAM (multiple anisotropic constraints and dynamic analysis of membrane peptides) (A. Holt, L. Rougier, V. Réat, F. Jolibois, O. Saurel, J. Czaplicki, J.A. Killian, A. Milon, unpublished data). This new approach combines nuclear interactions with different orientations with respect to the helix axis, which allows determination of both orientation and dynamics of transmembrane segments in membranes. The experimental data were analyzed using a dynamical model, which extended the previous "quasi-static" model by oscillations around the helix axis and wobbling-in-a-cone motions, similar to the dynamical models utilized in the recent work of Strandberg et al. ([@CR85]). A tilt angle of \~21° was obtained, which is much larger than the tilt angle of around 5° determined from ^2^H NMR experiments in combination with the GALA method. Furthermore, a rotation angle of \~150° was observed, which agrees well with the results reported previously from ^2^H NMR experiments.

In addition, an alternative, complementary approach based on steady-state fluorescence spectroscopy for the investigation of the orientation of transmembrane peptides in membranes was applied (Holt et al. [@CR36]). For this study, WALP23 peptides including cysteine replacements in different positions along the helix were labelled with the environment-sensitive label BADAN. The fluorescence spectra of this label reflect the local polarity at the position of the label, which was used to determine the orientation of the peptide in the bilayer. For WALP23 inserted in di-C18:1PC, a tilt angle of ca. 24° and a rotation angle of 136° were found, which agree well with the results of the new MACADAM approach. Furthermore, as with the GALA method, only small changes in tilt angle were observed upon changing the hydrophobic thickness of the bilayer, i.e., 24.8° and 19.8° in bilayers of di-C16:1PC and di-C20:1PC, respectively. These findings suggest that WALP23 peptides do not fully compensate for hydrophobic mismatch by tilting, in agreement with the notion that other adaptations occur simultaneously (Killian and Nyholm [@CR46]).

Functional importance of tryptophan anchoring {#Sec9}
=============================================

From the adaptations to hydrophobic mismatch, it is clear that WALP peptides interact strongly with the surrounding lipids and it is likely that the flanking tryptophan residues play a role in this interaction. Tryptophans in interfacial positions of membrane proteins are thought to couple transmembrane segments to the membrane in a very particular manner; on one hand tryptophans prefer a distinct location at the membrane-water interface (Yau et al. [@CR107]; Persson et al. [@CR72]; de Planque et al. [@CR26]), but on the other hand tryptophans in interfacial positions were also shown to inhibit tilting of transmembrane segments (Chiang et al. [@CR16]). This, at first sight contradictory, behavior of tryptophan-flanked transmembrane segments may have two reasons.

First, interfacial tryptophans were shown to order lipid acyl chains in the vicinity of transmembrane segments when experiencing positive hydrophobic mismatch (de Planque et al. [@CR25]), which may also involve a more or less pronounced concerted response of lipids in more remote lipid layers around the transmembrane segments. Such a stretching of the lipids leads to a more ordered and condensed bilayer around the transmembrane peptide, which in turn may hinder tilting. Second, tilting may entail a different and more unfavorable rotamer conformation and/or localization of the tryptophan side chain in the membrane. It was found before that tryptophans prefer certain rotameric conformations and locations at the membrane interface (Yau et al. [@CR107]; Persson et al. [@CR72]; Chamberlain and Bowie [@CR15]). The latter may be important for maintaining the correct localization and orientation of tryptophans at the membrane/water interface, assuring the proper orientation and insertion of membrane proteins.

Future prospects {#Sec10}
================

The work on establishing properties of even the most simple model systems of a synthetic peptide (in this case WALP) in artificial lipid systems has proven to be quite challenging. We are now finally beginning to approach the situation that the properties of the systems are becoming fully understood and that the characterization is thorough and reliable under a wide range of experimental conditions. The availability of such a thoroughly characterized model system of a synthetic transmembrane peptide in lipid bilayers opens up many perspectives for future studies.

First, one can apply this knowledge to investigate fundamental questions regarding the complex interaction mechanisms of membrane proteins and lipids within the membrane by addressing the importance of specific peptide or lipid properties for the peptide/lipid interplay. As an example, studies on the behavior of model membranes containing either WALP or KALP peptides have yielded valuable insights on the possible roles of tryptophans and lysines as flanking residues. They showed that tryptophans strongly anchor transmembrane segments to the lipid/water interface and that they resist being pulled away from the interface either towards the hydrophobic core of the bilayer or towards the aqueous phase (de Planque et al. [@CR26]). In contrast, lysines have a long flexible side chain, which does not resist being pulled into the aqueous phase, and which can snorkel to the membrane/water interface when the backbone is pulled into the hydrophobic part of the bilayer (Kandasamy and Larson [@CR44]; Strandberg and Killian [@CR82]). Hence, lysines as flanking residues may allow membrane proteins to readily adapt to varying membrane thickness, without significant distortion of either the surrounding lipids or the protein backbone. Options for future studies include for example finding out basic principles of how the overall hydrophobicity affects the tendency of a peptide to adjust its tilt angle to the bilayer thickness, or how the flanking residues and the amino acid distribution around the helix axis influence the preferred direction of tilt of a peptide.

Second, the availability of simple, well characterized and reliable model systems is important for validation and/or calibration of new techniques. WALP peptides have been used for improving MD simulations, and for testing various new methods including NMR approaches (Vogel et al. [@CR97]; Lemaitre et al. [@CR53]; Andronesi et al. [@CR4]), EPR approaches (Nielsen et al. [@CR67]), and computational techniques (Im and Brooks [@CR39]; Bond et al. [@CR10]; Ulmschneider et al. [@CR91]).

Third, one can use artificial model systems to investigate molecular details of the possible role of transmembrane protein segments in functional properties of membrane proteins. Examples are the influence of transmembrane segments on lipid transbilayer movement (Kol et al. [@CR49], [@CR50]), the importance of the length of the transmembrane segment for partitioning into liquid-ordered domains (Ren et al. [@CR75]; van Duyl et al. [@CR94]; Vidal and McIntosh [@CR96]), the involvement of protein transmembrane segments in signalling (Matthews et al. [@CR62]), or the sensing of membrane fluidity by protein transmembrane segments (Mansilla and de Mendoza [@CR58]).

As the investigations using designed model systems continue, and as more and more insight is obtained about the molecular nature of peptide/lipid interactions and the factors that can influence this, we will gradually improve our understanding of properties of membrane proteins and how they are influenced by the lipid environment. Because such model systems allow testing of an almost infinite number of parameters in lipid and peptide composition as well as environmental conditions, challenges will lie in selecting those parameters that allow direct testing of a working hypothesis or that will provide answers to general questions that are important for understanding protein/lipid interactions. The ultimate challenge will be to extend this research towards understanding and predicting properties and lipid interactions of multi-spanning proteins in membranes. An initial step towards this goal would require the use of more sophisticated model systems, for example with two or more covalently coupled transmembrane peptides whose properties can be systematically altered. In the end, the knowledge obtained on such systems may help to obtain a complete understanding of the principles that govern structure, function, and dynamic properties of this important but elusive class of proteins in lipid bilayers and how they can be modulated by the lipid environment.
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di-C10:0PC

:   1,2-Didecanoyl-*sn*-glycero-3-phosphocholine

di-C12:0PC

:   1,2-Dilauroyl-*sn*-glycero-3-phosphocholine

di-C14:0PC

:   1,2-Dimyristoyl-*sn*-glycero-3-phosphocholine

di-C18:0PC

:   1,2-Distearoyl-*sn*-glycero-3-phosphocholine

di-C14:1PC

:   1,2-Dimyristoleoyl-*sn*-glycero-3-phosphocholine

di-C16:1PC

:   1,2-Dipalmitoleoyl-*sn*-glycero-3-phosphocholine

di-C18:1PC

:   1,2-Dioleoyl-*sn*-glycero-3-phosphocholine

di-C20:1PC

:   1,2-Dieicosenoyl-*sn*-glycero-3-phosphocholine

di-C10:0PG

:   1,2-Didecanoyl-*sn*-glycero-3-phospho-(1'-sn-glycerol)

di-C18:1PG

:   1,2-Dioleoyl-*sn*-glycero-3-phospho-(1'-sn-glycerol)

EPR

:   Electron paramagnetic resonance

CD

:   Circular dichroism

NMR

:   Nuclear magnetic resonance

ATR-FTIR

:   Attenuated total reflection-Fourier transform infrared

GALA

:   Geometric analysis of labelled alanines

PISEMA

:   Polarization inversion spin exchange at magic angle

MD

:   Molecular dynamics

BADAN

:   6-Bromoacetyl-2-dimethylaminonaphthalene

IEADANS

:   5-((((2-Iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid

TOAC

:   4-Amino-4-carboxy-2,2,6,6-tetramethyl-piperidino-1-oxyl
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